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TRANSITION FROM FILM TO NUCLEATE BOILING IN VERTICAL FORCED FLOW

by F. F. Simen and R. J. Simoneau

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio

SUMMARY

A study was made of the transition from film boiling
to nucleate boiling for liquid nitrogen flowing in an elec-
trically heated tube. For this type of heating, wall con-
duction is believed to govern the boiling trangition., A
conduction analysis was combined with a film beoiling anal-
yaie for an analytical prediction of the transition heat flux.
A vigual experiment of film boiling aided the film boiling
analysis. The analytical results are in good agreement
with the experimental data.

INTRODUCTION

Little is known about the transition of film boiling to
nucleate boiling in forced flow. In the study of this boiling
transition, most of the attention bas been directed to
horizontal non-flow systems {Refs. (1-4)). Classic hydro-
dynamic stability theory was applied for determining the
transition heat flux, (refs. (1-3)). Some experimental
data of the transition heat flux in forced convection has
been reported by Kutateladze and Borishanski.(5) The data
reported in Ref. (5) is for water and isopropr! alcohol and
ghows the transition heat flux to increage with liquid veloc~

ity.

In analyzing this transition phenomenon the specifica~-
tion of the type of heating is important. Simon, Papell,
and Simoneau(€) reported that the transition heat flux is
related to whether the heating surface has a uniform heat
flux (i.e., heat flux controlled) or & uniform temperature
{i.e., temperature controlled). The results of Ref. (6),
for nitrogen, indicate that a uniform heat flux surface will
give a transition heat flux that is one order of magnitude
greater than for a uniform temperature surface. Kovalev
(Ref. (4)) reports a similar result for water. For this
reason, this paper talks in the more broad terminology
of the transition heat flux and reserves the term minimum
heat flux specifically for a constant temperature system.

For the horizontal non-flow case, Zuber (Ref. (1)}
successfully analyzed the minimum heat flux by applying
Rayleigh-Tayler instability. (') The essence of this ap-
proach is that an unstable vapor-liquid interface must be
above the entire heating surface in order for film boiling
to be sustained. In the vertical forced flow cage an insta-
bility also exists; but, it 18 more of the Kelvin-Helmholtz
type. 7} To date it has not been analyzed.

In addition to hydrodynamic instabilities another well
known physical phenomenon occurs at the time of transition.
On a constant heat flux surface both nucleate and film boil-
ing can exist side by side on the heater. This was observed
early in boiling work. When the two modes of boiling occur
side by side, a temperature gradient exista in the heater
wall. The motion of the interface between the two modes of
boiling has been analyzed in terms of the conduction gradient
in the uniform heat flux wall by Semeria and Martinet. (&)
Koslav(?) and the authors(®) have successfully taken the
approach that the transition heat flux of an electrically heated
system is governed by axial conduction in the heating element,
The analysis presented herein uses a conduction model and
gives as one of its results the wall temperatures existing at
the heating surface when transition from film boiling to
nucleate boiling occurs. The wall temperature information
is used in conjunction with a heat transfer analysis and ex-
perimental evidence of the nature of vertical film beiling, to
develop an analysis for predicting the transition heat flux,

The first part of this paper reviews the general analyt-
ical approach to be used for predicting the transition heat
flux. The second part gives the specific functions necessary
to apply the general analysis to liquid nitrogen. The third
section introduces new hydrodynamic and thermal informa-
tion obtained from a recent visual study of vertical film
boiling. This infermation is used in modifying the heat
transfer modal for the vertical film boiling of saturated,
flowing liquid nitrogen. Finally, the wall conduction model
analysis is compared with experimental transition heat flux
data.

ANALYTIC MODEL

A boiling curve of heat flux versus the temperature
difference for a given pressure and liquid velocity is shown
on Fig. 1. The regions of beiling are indicated on the figure
and it should be neted that a distinction is made between
uniform surface heat flux and uniform surface wall tempera-
ture. The path B-E of the boiling curve is obtainable in a
wall temperature contrelled experiment (such as steam
heating) and is unstable for a uniform wall heat flux experi-
ment (as in electrical heating). Another difference between
uniform heat flux and uniform temperature can be found in
the heat flux level at which transition from film boiling to
nucleate boiling occurs. References 4 and 6 report that the
transition heat flux for a uniform heat flux is one order of
magnitude greater than for a uniform wall temperature.
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Some discussion of this difference will be made later, “This

invegtigation is limjted to a uniform surfece heat flux git-
uation.

For a uniform heat flux, for the range B-E of the
boiling curve, the wall temperature is not uniquely deter-
- mined by the heat flux, The following three cases have
been found to oceur, ‘

(1) The entire surfece is in nucleate boiling at some
temperature difference ;.

{2) The entire surface ig in film boiling at some tem~-
perature difference 5.

{3) The surface is partizlly in nucleate and partlally in
film boiling with an axial gradient in the temperature along
the surface.

Vicual evidence of condition 3 was raported in Ref. (9)
and is shown in Fig, 2. Condition 3 is unstable and even-
tually the film boiling i8 replaced by nucleats boiling.
Investigatora have reported (Refs. (10,11)) that once stable
film boiling is established, a lowering of the heat flux is
required (path C-D) before trangition back to nucleate
boiling is possible, Since a uniform heat flux permits the
coexistence of film boiling and nucleate holling (Fig. 2) a
large axial temperature gradient exists betwesn the portion

of the heating surface in film boiling and in nucleate hoiling.

This axial gradient is believed to control the transition of
film boiling to nucleate boiling because of the resulting
heat flow from the section in film boiling to the section in
nucleate boiling.

Anywhere along path C-D of the boiling curve (Fig. 1)
axial conduction can in general be expected. However,
once point D is reached, axial conduction becomes more
dominating and canse the wall temperature at the leading
edge of film boiling to gradually lower to a value which
permits liquid wetting of the metal surface. This process
may be reversed by a finite increase in heat flux above
point D. The velocity of this motion is & function of the
wall thermal properties and the heat flux. This {8 demon-
strated analytically and experimentally by Semeria and
Martinet (Ref. (8)). The results of Ref, (§) show that
below point D the velocity of transition from film boiling
to nucleate boiling increases with decreasing heat flux.
This is consistent with Semeris and Martinet's results
(Ref., (8)). Therefore, point D marks the heat flux level
" below which motion of film boiling transitioning to nucleate
boiling is noted. In Semeria and Martinet's analysis the
wall temperatures associated with point D were solved for
by congidering a zero velocity for the film boiling-nucleate
boiling interface, They obtained the following relationship
between the wetting temperature difference and the nucleate
and film boiling temperature differences (91,05 and Bye¢
are defined on Fig. 1)

2
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= 6,03 ()
Semeria and Martinet agsumed constant heat transfer
coefficients for nucleate and film boiling. The authors
found it necessary to utilize average heat transfer coeffi-

cienta and modified Eg. (1) as followa:

"
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The wetting temperature difference is assumed to be a

state property of the liquid (Ref. (12)) as follows;
8

= (P, T} (3}

wet
The nucleate boiling temperature difference (§, R
corresponding to the average heat transfer coefficient is a
function of pressure, heat flux and liquid veloeity
8) F=f2(P,9,Tp) )
Combining Egs. (2) to (4) and solving for the average
film boiling temperature difference at transition, we obtain
@y, =P T,q.Tp) 5)
For transition to begin to occur, the film boiling tempera-
ture difference at the heat transfer surface must be equal
to the value given by Eq. (5). The film boiling temperature
difference corresponding to the average heat transfer coef-
ficient is a function of pressure, heat flux, liquid velocity,
and axial position ’
85,7 = [3(Pa. T %) ®)
Solution of Eqs. (5) and (6) for the tranaition heat flux is

skown graphically in Fig. 1 by the intersection of Eqa. (5)
and (B) at point D and is expressed as follows:

"
@, 8 =% % % "%, T ™
Equationa (2) to (7) express in general, the relationship
needed for a determination of the transition heat flux.
However, some difficulty arises when we attempt to apply
them, These equations will be applied for the case of
vertical film boiling of flowing liquid nitrogen.

APPLICATION TO VERTICALLY FLOWING
LIQUID NITROGEN

The model to be used for the analysis of the transition
heat flux in vertical film boiling is shown In Fig. 3. The
model shows an unheated entrance section and a heated
section where nucleats boiling is beginning to replace film
boiling. Te be consistent with the physica of film boiling
interfacial waves are shown in the model. An attempt will
be made to take into account the effect of these waves on
heat transfer.

Wetting Temperature Difference fy(P,T)

Merte and Clark (Ref. (15)) in their experiments of the
pool boiling of liquid nitrogen report a wetting temperature
difference of 33,4% K at 1 aitm. For an evaluation of the
effect of pressure on the wetting tempereture difference,
the analysis of Spiegler, et.al, (Ref, {12)) 18 used. In
Ref. (12) it is assumed that the wetting temperature (Tyqo)
is a state property of the fluld. The value of the wetting
temperature is assumed @ correspond to the maximum
superheat of a fluid and this condition 18 determined by using
Van der Waals equation of state, Spiegler found his analysis



to have good agreement with existing pocl data. An addi-
tional source of data is the Leidenfrost points given for
drops on page 214 of Ref. (5). The Leidenfrost point is
the wetting temperature difference for drops. This data is
compared with the analytical results of Ref. {12) on Fig. 5,
in terms of the critical temperature and the critical pres-
sure. Also shown in Fig. 5 are the liquid nitrogen pool
beiling data points of Merte and Clark (Ref. (15)) and
Ruzicka (Ref. (16)). The analysis of Spiegler, et.al.
appears t¢ represent very well the data points shown on
Fig. 5.

The theoretical equation for the range of reduced pres-
sures encountered in this study is linear and may be
written as follows:

T
et_ga1sE 4 a (®)
T, P,

The thecretical value of the constant A in Eq. (‘g is
0.840. A correction is made to this constant so it con-
forms with the liquid nitrogen experimental evidence of
Merte and Clark (Ref. (16)). The equation to be used for
determination of the wetting temperature difference as a
function of pressure is as follows:

T
et _g.13 E 40872 ®
T, P,

Average_ Nucleate Boiling Temperature Difference
fa(P,q, U! )

For determining the average nucleate boiling tempera-
ture difference in a forced flow, the meqwgl of Rohsenow

8

The computed results of Eqs. (10) to (12) are shown in
Fig. 4. It is evident from Fig, 4 that for the range of
liquid velocities of interest to this study, there is littie
effect of the convection component on the heat flux level.
Thue the curves of Fig., 4 may be expressed as

q wﬁ(ﬁg, Plc)pf"” (13)

Integrating over the nucleate boiling region the average
heat transfer coefficient is expressed as follows:

] 1.5
1 8o
E:E— 1'1'5(]_1': 1
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The average heat transfer coefficient may also be expressed
as
5

- 1.
n=py g (15}

Combining Eqs. (14) and (15) we obtain

4
01, =~ (18)

The temperature difference (¢,) is a function of heat flux,
pressure and liquid velocity and may be determined from
Fig. 4.

Average Film Boiling Temperature Difference fa(P.q.m-, X}

In Ref. {6) an analysis is presented for vertical lam-
inar film boiling of a saturated, flowing liquid. The liquid-
vapor interface was considered to be smooth. The analysis
of Ref. (6) is summarized in Appendix A and results in the
following expression relating the axial position (x) and the
average wall temperature difference {0 2'3)

X

2,h

(Ref. (13)) is used. The method assumes that the total

heat flux may be considered as a summation of the heat

flux due to boiling in the absence of flow and the heat flux
due to convection in the absence of boiling

%,1 "% *9pB {10)

Calculation of the pool boiling heat flux was made by using
Kutaleladze's equation as reported by Brentari and Smith

{Ref. (14)).

.y 1.50 1.282 1.7

‘ -7 c t gpg pl ) 42.50
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v 00,908, 0. /

The convection heat flux is determined by using the Dittus-
Boelter equation

0.8_ 0.4

Pr

Nu = 0.024 Re 1

X 12)

ooy (0 o) + 0a(07 - 0]+ Fale - 0F) 20 -0 ) e 7
[Zal(e 'owe +§a20 -ewq +Eaaa “ewet +2a48—9wet +a51n

an

ewet

where the constants are listed in Appendix A.

DETAILED EXAMINATION OF FILM BOILING AT
ITS LEADING EDGE

1t is unlikely that Eq. (17) as it stands could accurately
predict the axial temperature profile of a surface that is
uniformly heated. This i8 clear from the visual observa-
tion of vertical film boiling reported in Ref. (9). The
visual results of Ref. (9) showed that in vertical film
boiling a wavy interface separates the vapor phase from
the liquid phase. These waves can be noted in Fig. 2.
Equation (17) assumed conduction te occur across the
thickness of the vapor boundary layer. A wavy interface
makes the above assumption an approximation.

The analysis and experiments of Refs. (6) and (9)
suggest that major wall conduction influence occurs in the
first 0.5 to 1 cm of the film boiling. Thus to complete
thia problem a detailed study of the leading edge of film



boiling is neceasary. In Ref. (6) the location of the first
thermocouple at 1.9 ¢m did not allow such detailed infor-
mation. It was decided, therefore, to design a test sec-
tion gpecifically to study the leading edge utilizing the
flow facility of the visual experiments of Ref. (9).

. Visual Experiment

This facility was a once-through liquid nitrogen ays-
tem in which inlet conditions and flow rate could be con-
trolled. The facility is described in detzil in Ref. (9).
Although it was a once-through facility a large supply of
nitrogen made it possible to operate the rig continuously
for over 2 hours allowing ample time to achieve steady
conditions,

The important details of the test section are shown in
Fig. 6. Several heater configurations were tried and the
one shown in Fig. 6 proved the most successful. The
heater geometry was of annular cross-section with the
outer tube being of pyrex for viewing and the heating ele-
ment being the center rod. For structural integrity the
entire assembly was encased in a steel housing with view-
ing ports cut out. The electrical resistance heating ele-
mentwas g 2.54 mm O.D. by 2,04 mm L. D. by 7.6 em
long inconel tube. The inlet electrode was a brass rod of
the same O.D. and was carefully fitted into the tube. The
method of attachment introduced about & 0.076 ¢m uncer-
tainty in the location of the leading edge, as shown in
Fig. 6. A groove was cut into the electrode about 0.25 ¢cm
below the joint as a visual reference. This also gerved to
break up the boundary layer approaching the leading edge.
The uncertainty in leading edge location could be reduced
for those runs in which pictures were availeble to deter-
mine the start of heating. Temperatures were measured
by chromel-alumel thermocouples soldered to the tube and
located as shown on Fig. 6. The insertion of four thermo-
couples into 2 2.04 mm digmeter tube was very difficult
and the attrition rate was high, In fact, in no individual
test did all the thermocouples function properly. The test
section was frequently reinstrumented and the thermocou-
ple locations were changed from time to time. The loca-
tions on Fig. 6 should be taken as typical., Data runs were
repeated in order to fill in the missing points from broken
thermocouples. The redundancy in some thermocouple
locations served as a check on reproducibility.

The power was supplied by a 60 cycle A,C. variae,

The bulk parameters were measured quite conven-
tionally with a platinum resistance thermometer, a bour-
don tube pressure gage and a venturi flow meter, The
power was measured with conventional a veolt-meter and
ammeter.

The visual cbservations were achieved with a high
speed movie camera operating nominally at 5000 frames
per second. The light was a 1000 watt tungsten lamp,
dispersed with a frosted glass and shown through the test
section from the rear.

A Modification of the Film Boiling Equation

The movies taken of the leading edge of film boiling

(less than 1 cm) indicated an interface which osciallated at
a frequency of the order of 1000 cycles per second. The
interface oscillated between a high value of the film thick-
ness which will be called the peak thickness {6p - see

Fig. 3) to a lower value of the thickness which is labeled
the valley thickness (§y). This oacillating interface aweeps
through a portion of the vapor thiclmess that might other-
wiae be a part of the energy conduction path between the
vapor liquid interface and the wall. A simple film boiling
model which attempts to take into account the oscillating
interface is shown in Fig. 3. Figure 3 shows a mixing
region created by the oscillating interface and a laminar
region in which conduction is assumed to occur. The idea
of a mixing region was conceived by Hsu and Westwater
(Ref. (17)) in their study of turbulent film boiling. The
mixing region can he expected to go beyond the amplitude of
oscillation. Because of this, the laminar thickness (8y)
should be less than the value of the valley thickness (§v).
The laminar thickness is expressed as a fraction of the
average film thickness

n

€= (8)
&

An estimate of the fraction of the vapor thickness in a
laminar condition can be made from the high speed movies
made of film boiling. Two conditions were chosen for ob-
taining film thickness and wave amplitude data, These
conditions are listed in table I. The variable believed to
have the greatest influence on the interfacial waves is the
liquid velocity. This is demonstrated visually in Fig. 7.
Figure 7 shows prints from the high speed movies, from
which the data for table I were determined. The two prints
correspond to a liquid veloeity of 1.1 m/sec and a higher
velocity of 2.5 m/sec. Figure 7 demonstrates what was
generally noted that the wave length will decrease and the
wave amplitude will increase with increased liquid velo-
city. The results of wave amplitude and film thickness
measurements for the conditions of Fig, 7 are listed in
table I, By assuming the average film thickness to be the
average of the peak thickness (6 p) and the valley thickness
{5y), a simple relationship is obtained for the fraction of
the vapor thickness which is in laminar flow

5
e=-L_L 1_:{__) {19)
5 6y\ 28

The work of Glenn Coury (Ref. (17)) gives a similar result
by a different appracch. His result can be stated as fol-

lows:
1/2
€= (1 - (%)L) (20)

The values of the amplitude to thicknesa ratio {a/8) re-
ported here (table I) are in the range of ratios calculated
by Coury from heat transfer conaiderations. Since the
valley thickness (8y/) is greater than or equal to the laminar
thickness (6 ) it is assumed that these two thicknesses are
equal for the purpose of computing the film thickness ratio
(€) from Eq. (19) and the hydrodynamic data of table 1. The
result of the computation 1s shown in table 1. We next
wish to see how the hydrodynamic calculation of the thick-
ness ratio {¢) compares with analysis and the measured
wall temperature profilea, Equation (19) modifies Eq. {A8)
as follows
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Use of Eq, {21) in the subsequent equations of Appen-
dix A results in the following modifications to the coeifi-
cients of Eq. (17).

N R TR
== === Ay = 8, T
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A comparison of the modified version of the profile
Eqg. (A12) is made with the experimental temperature pro-
files of the leading edge of film hoiling. The comparison
is shown in Fig. 8 for various values of the film thickness
ratio (¢). It is clear in Fig. 8 that a film thickness ratio,
€, of one is not realistic. This was expected from the
visual evidence of the film boiling. Figure 8 shows that
the filn thickness ratio (¢) vaires with the liquid velocity.
The value of the ratioc varies from 0.7 at a liquid velocity
of 1.0 m/gec to 6.3 at a velocity of 2.5 m/sec. This
change of the film thickness ratio with liquid velocity is
conaistent with the change noted in the hydrodynamic
measurements. Table I shows the amplitude of interfacial
oscillation to be greater for the higher liquid velocity.
This results in a decrease in the calculated value of the
film thickness ratio with increase in liquid veloeity as
shown in table I. However, the variation of the film thick-
ness ratio with velocity as shown in table I is not as great
as the variation which is needed to be consistent with the
experimental data (Figs. 8(a) to {c)). The value of the
film thickness ratio calculated from the hydrodynamic data
is slightly larger. This is to be expected since in the
wave calculation it was assumed that the valley thickneas
(dy) was equal to the laminar thickness {§1). This is con-
gistent with the model, Fig. 3, which assumes the oscil-
lating interface will influence the region beyond the wave
valley position.

The film thickness ratio may be thought of as a cor-
rection to the film boiling analysis of Ref. {6) (Eq. 17).
The variation of the film thickness ratio with velocity may
be a result of the analysis not being complete in compre-
hending the physics of film boiling or it may be the result
of the velocity effect on the interfacial waves shown in
Fig. 7. For calculation purposes this paper restricta
itself to a film thickness ratio () of 0.5 because of the
incomplete knowledge of the effect of liquid velocity and
pressure on this parameter.

Laminar-Turbulent Transition

A boundary condition in the derivation by Semeria and
Martinet of Eq. (1) was a zero axial conduction at an infi-
nite distance from the leading edge of film boiling and
nucleate bolling {x = +=). Therefore, the temperatures of
Eq. (1), (9; and 83), are for an infinite distance from the
leading edge where the conduction gradient is zero. Cal-
culation of the nucleate boiling temperature difference for
use in Eq. (2) presented no problem. The film boiling
heat-transfer analysis presented herein is for a laminar
model and yields an increasing wall temperature with dis-
tance X, or a heat-transfer coefficient which decreases
with distance. In reality this laminar film will eventually
transition to a turbulent film. Once transition to turbulent

film boiling oceurs, the analytical results of Hsu and
Westwater (Ref. (18)) show an increase in the heat-transfer
coefficient. Based on this information once the vapor film
becomes turbulent, the boiling mechanism is more efficient
and axial conduction gradient no longer has a significant
effect on the wetting mechanism.

Figure 9 demonstrates by the matching of the three
runs, the temperature profile obtained from the electrically
heated rod (Fig. 6). The surface tempersature increases
until a distance of 1 cm from the start of film beiling,
where the wall temperature shows a nearly constant value
and in some cases a decrease. This flattening of the tem-
perature profile after 1 ¢m can be attributed to the trans-
ition of laminar film boiling to turbulent film boiling. This
transition is fortunate because it permits a limiting value
to the high wall temperatures encountered in film boiling.
Visual evidence of the transition to turbulent film boiing
was reported in Ref. (9) and is shown in Fig. 10. Shown
in Fig. 10 are individual frames taken from high speed
movies (5000 frames per sec) made of the view of an elec-
trically heated vertical atrip. Because the pictures shown
on Fig. 10 were taken at the transition heat flux, the re-
placement of film boiling can be noted. In the film boiling
region a wave instability can be seen. This can alao be
seen in two frames of the high apeed movies taken of the
heated tube described in this paper (Fig. 11). In Fig. 10
instability is noted at a distance of 0.38 cm and in Fig. 11
at a distance of 0.36 cm. The transition from laminar to
turbulent film boiling is probably gradual as shown by the
temperature profile of Fig. 9.

Effective Conduction Length

It is apparent from the temperature profile data that
conduction is no longer effective after a distance of one
cm. The equation for the effective conduction length is
developed in Appendix A. Using the new film boiling data
presented herein the coefficient in Eq. {A18) has been re-
computed.

]
Le=2.384/-m 2B (22)
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COMPARISON OF ANALYTICAL TRANSITION HEAT
FLUX RESULTS WITH EXPERIMENT

A detailed description of the experimental apparatus
and the procedure used for determining the transition heat
flux of liquid nitrogen is given in Ref. (6). Essentially the
experimental approach waa to force liquid nitrogen at the
saturation point through an instrumented, electrically
heated test section. The test section was a nickel alloy
tubing with an L. D. of 1.28 cm, a wall thickness of 0.025
cm, and a heated length of 30.5 em, Once film boiling was
established at a given liquid flow end pressure level, the
power to the test section was gradually reduced. For each
increment of power reduction sufficlent time was allowed
{approx 1% min) to note the appearance of nucleate boiling
at the first thermocouple station (x = 1.90 em). Nucleate
boiling would begin to appear at a small increment of heat
flux below the transition heat flux. The transition heat
flux was taken as the lowest power level that allowed film
boiling to exist over the entire heating surface,



Comparison of the analytical prediction of the trans-
ition heat flux with the experimental data is shown in
Fig. 12 for three pressure levels. Figure 12 shows a
reasonable quantitative agreement between theory and
experiment. Particularly encouraging is that the analysie
ylelds the proper influence of velocity on the transition

- heat flux at all pressure levels. Cross plotting the data

of Fig. 12 againat pressure for various velocities indicates
that the pressure trends predicted by theory are not com-
pletely consistent with the data. However, since some of
the numbers involved herein change drastically with pres-
Bure (e.f., E\Zavet changes approx one order of magnitude
over the pressures of this experiment) the analytic pre-
diction is coneidered correct to the first order. Because
of the many agsumptions involved in the entire analysis it
is difficult to place a finger on the exact source of the
problem. The most Ukely candidate, however, is the
computation of @5 from such a simple equation of state
as Van der Waals. To illustrate this the values of
T, et/T o Decessary to make the data correlate perfectly
are compared to Eq, (9) on Fig. 13. From Fig. 13 it can
be seen that a very small error in computing Toet’Tc
can account for the pressure discrepancies.

Finally the analysis of Semeria and Martinet gives
only the ultimate equilibrium condition but now how rapidly
this equilibrium condition is reached., Thus the transition
heat flux obtained experimentally could be lower than pre-
dicted because the experimentor did not wait long enough
at 8 higher heat flux for transition to occur, For discus-
pion on transition rates see Ref. (6).

ADDITIONAL INFORMATION ON THE INFLUENCE
OF THE WALL ON TRANSITION

This study has considered the transitions from film
boiling t¢ nucleate boiling that is caused by axial conduction
in the heating element, Kovalev (Ref. (4}) saya that this
type of transition occurs at what he calls ''the equilibrium
heat flux.!'* Kovalev stutes what is demonstrated in Fig. 1
that the equilibrium heat flux occurs between the maximum
heat flux and the minimum heat flux. He reports experi-
ments for the film boiling of water in a pool which show the
difference hetween the egquilibrium heat flux and the mini-
mum heat. His experiments were done with an electrically
heated wire. To prevent cocling of the ends of the wire
Kovalev allowed the ends to be slightly exposed to super-
heated vapor. In this way he eliminated conduction effects
and was able to obtain the minimum heat flux. The suthors
- performed a similar type of experiment by additional heat-
ing at the entrance of the tubular test section. This pre-
vented conduction effects and allowed the heat flux to be
lowered below the transition heat flux to a value close to
the pool minimum heat flux for liquid nitrogen reported by
Merte and Clark. (15) In the experiments of Kovalev, the
transition heat flux was obtained by not exposing the wire
ends which then permitted a conduction gradient at the wire
ends. -

Simon, Papell and Simoneau reported (Ref. (6)) that
the transition heat flux in a heat flux controlled system is
one order of magnitude greater than in a temperature con-~
trolled system. In a constant temperature system the
minimum heat flux i contrelled by the surface temperature

difference (f,¢) at which wetting of the surface occurs.
This was evident in the experiments of Koslav (Ref, (4))
where an increase in the wettability of the surface by the
liquid resulted in an increase in the minimum heat flux.
For a heating surface with electrical heat generation, the
transition to nucleate boiling depends on the conduction
gradient and the surface wettability. Wall conduction
transfera heat from the film boiling side to the nucleate
boiling side and causes the surface temperature to drop as
a function of time. Transition from film boiling to nucleate
boiling gradually occurs when the wall temperature at each
position along the heating surface reaches the wetting tem-
perature.

CONCLUSIONS

The transition from film boiling to nucleate boiling in
an electrieally heated system appears to be governed by
wall conduction. The wall conduction model of Semeria
and Mertinet was used for obtaining the wall temperatures
associated with the transition heat flux, These wall tem-
peratures were used in conjunction with a heat transfer
analysis for an analytical prediction of the transition heat
flux. Analysis and experiment were in agreement espe-
cially in predicting the positive change of the transition
heat flux with liguid velocity.

Based on hydrodynamic and wall temperature informsa-
tion it was found that the film boiling heat transfer analysis
required meodification. Vieual evidence of vertical film
boiling in the region of the leading edge shows a wavy,
vapor-liquid interface which oscillates at a fairly high
frequency. By using measurements of the oscfllating
interface an attempt was made at modifying a heat tranafer
analysis which assumed no vapor-liquid oscillation, Infor-
mation of the wall temperature profile provided a direct
method of modifying the heat transfer analysis. The wall
temperature profile at the leading edge of fllm boiling
shows a laminar to turbulent film boiling transition, This
ie consistent with visual evidence which (ndicates a change
at the vapor-liquid interface from stable to unstable waves.

Pool data shows the transition heat flux for a uniform
surface heat flux (heat flux controlled) to be one order of
magnitude higher than for heating with a uniform surface
temperature (temperature controlled). This difference ia
attributed to the wall conduction which exists for a uniform
heat flux and whick is not present for a uniform wall tem-
persature. '

The authors wish to thank Dr. Y. Y. Hsu for his
technical advice.

SYMBOLS

A constant, dimensionlesa

a wave amplittxde. ép - 6v, cm
b k/T, W/m)©K)

o Pk, (kg)W)/mYCK)

Cp specific heat, J/(kg)(°K)



tube diameter, cm

g acceleration of gravity, 8.8 m/sec?

h  heat-transfer coefficient, q/6, W/{m2)(°K)
thermal conductivity, W/(m)(°K)

Le effective length, cm

N superheat constant, dimensionless

Nu  Nusselt number, hiD/kz', dimensionless

P pressure, N/mz

Pr  Prandtl number, C FF/k' dimensionless

q heat flux, Wﬁnz

Re Reynolds number, U, Dyp, /1y, dimensionless

T  temperature, °K

t wall thickness, cm

u x component of velocity, m/sec

v y component of velocity, m/sec

v volume, m3

W  mass flow rate, kg/{m)(sec)

x distance along heating surface, cm

y distance away from heating surface, cm

o thermal diffusivity, k/pCp, m /sec

B intercept

r heat of vaporization, J/kg

I'' effective heat of vaporization, J/kg

& film thickness, cm

€ film thickness ratio, GL/E

6 temperature difference, (T - T ..}, oK

M viscosity, (N](ﬁec}/m2

p  density; k/m3

P surfa.ce tenaion, N/m

Subacripta: -

C convection

¢ critical

h variable is evaluated at conditions corresponding to
average heat-transfer coefficient

L Laminar

£ liquid

m metal

min minimum

P peak

PB  pool nucleate boiling, U; =0

8 saturation

T transition

v valiey

v vapor

w wall

wet  wetting

1 nucleate boiling side

2 film boiling side |

Superscripts:

*

average gquantity
transition film beiling condition

modified film boiling conditions

APPENDIX - FILM BOILING ANALYSIS

The film boilng analysis is made assuming the follow-

ing conditions applicable,

(1) Laminar, two dimensional vapor flow

(2) Uniform wall heat flux

(3) Linear temperature profile across the vapor film

(4) Inertia terms neglected

(5) Greater velocity gradient in the y direction than
the velocity gradient in the x direction,
a8u/ay >> aU/ax

{6) Slug flow velocity profile in the liquid stream

{7} Liquid at the saturation temperature

{8) Evaluation of vapor properties across the vapor
film at the average temperature of the wall and
the saturated liquid, T(x} = (Ty(x} + Tg)/2

(9) Constant heat capacity and Prandtl number

The basic equation relating the heat transfer at the

wall and the vapor generation at the vapor-liquid interface

18
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where
I'=T+ NC, f(x) (A2)
and
w=0,n57F

(Average conditions are for a fixed position x.) In this
analysis, the superheat constant ie taken as N = 0,5,

Based on assumptions (4), (5), and (8), the momen—
tum equation for vertical boiling may be given as

2
U
AP - - v
D= === + — Ad
— - Pyg iy (A4)
and
§P
= A5
. ME {A5)

Solution of Eg. (A4) for the boundary conditiona given,
and subBequent integration across the vapor film yields an
average velocity

- eb-P), Ty

Uy = 64 + — A6
VT T2, 2 (A6)
Since py >> 7. . the average velocity is simply
_ wf% T,
u = +—= (AT)
Y 12# 2

From assumption {4} the film thickness & may be ex-
pressed in terms of the temperature difference #(x) as
)
= EV_ {AB)
Uy
When it is assumed that the thermal conductivity vaires
directly with temperature, the product of the vapor den-
sity p_ and the thermal conductivity k_, for an ideal gas
is constant (p = C.,). With this assumption Eqa. (Al),
{A2), and {A3) can be combined with Eq.8 (A7) and (A8) to
yleld

vce
g, = T +NC, ) d _.!....C'_E;..Ev93+ 2 0 (a9)
12qur 2, ;
Everything in the brackets to be differentiated with

respect to x can be considered constant except the ther-
mal conductivity Ev and the temperature difference 8.

Expressing the thermal conductivity k, as

. k=bT {Al0)
and carrying out the differentiation of Eq. (Al3) with
respect to x results in the following equation

gp
4, =@ +NC_ 6)|- L °-P-:-b(29 +332T) -—‘-9-‘19
w v 2 dx
12qW v Gy
(Al1)

Equation (A11) may be integrated directly by separation of
variables to yield

x = 9-1(95 - Gaet) * 32( - ewe") * 83( -
*tag (" wet) + a5(9 -6 et) (A12)

where

and

-=pk

CO =kaV vy

The average film-boiling heat-transfer coefficient at
any point x is defined as

’h=—0—=9>fxl-dx {AL3)
0

The average heat-transfer coefficient ia also used to
define 82’1';

| L (Al4)
0y,

=

Therefore from Egs. (A18) and (Al19), the eguation for the
film boiling temperature difference based on the average
heat-transfer coefficient 83 § 18
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X (AL5)

The conduction gradient for film boiling existing in the
region where nucleate and film boiling coexiat can be ob-
tained from the analysis of Semeria and Martinet by dif-
ferentiating Eq. (3.8) of Ref. (8).

T \1/2 /2
®_o o fl2) " x| (Als
dx_( 2,h " Twet oxp I (al6)

m
The film temperature difference #2, % 1is based on the
average heat-transfer coefficient evaluated over the ef-
fective length Le. This evaluation makes the resulting
expression implicit and requires an iterative solution.

The effective conduction length Le is determined
when the conduction gradient becomes effectively too small
to influence the region where nucleate boiling i gradually
replacing film boiling. This may be expressed as a frac-

tional change;

-z (ALT)

The data for the calculation of the fractional conduction
change (Z) from Eq. (A17) was taken from Fig, 10, This
i8 because Fig. 10 represents conditions existing at the
transition heat flux. The effective conduction length is
aggumed to occur at the position where the interfacial
waves firat become unstable (x = 0,38 cm). This {8 be-
lieved to mark the beginning of transition to turbulent
film boiling. In Ref. {6) the analytical expression for

‘ 62 n(x) (Eq. (Al5)) was applied for determining the average
beat transfer coefficient in Eq. {A17). The values used in
Ref. (6) for Eq. (A17) are as followa:

— 4 2
h2 - 6.52x10Q ng = 291 W/(mzj(ol()

2820 K
Le=3.80"3m
k., = 9.7 W/(m)}(°K)

t=1.02x10"% m

The value obtained for Z is Z =0.16, indicating,
according to Eq. (Al7), that the conduction gradient has
diminished to 16 percent of its initial value at x = 0. For
the purpose of determining the effective conduction length
gt other conditions, a constant value of Z is assumed
which resulis in the following equation for the effective
conduction length: -

mwzih-

q,

le=1.8 {Al8)

20" T; 4 .4 4 3_.3 3_ (.2 ,2 8
[Ial(e -6wet)+§a2(g -Hwet)+§a3(a -Gwet)+2a4(e-ewet)+a5mﬁ]
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Figure 7. - Film boiling at the leading edge of a 2.54 mm
diameter vertical rod.
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Figure 8. - Comparison of experimental temperature profile with
analysis in the region of the leading edge of film boiling for
values of the film thickness ratio (e€).
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